This work investigates the advantages that can be gained through the proper integration between a thermal solar module and a small-scale gasification system. The gasification power plant here studied consists in a PP20 Power Pallet, a complete power plant capable of 20 kW of electrical power. Fresnel lens concentrated thermal solar panel system is used as heat source for the gasification power plant. Different scenarios are drafted looking at the different way the heat can be provided. One scenario investigates the use of solar heat to dry the gasifier fuel (wood chips). It is proven that dried fuel allows a reduced tar production in gasification systems as well as an increase in the gasification efficiency. A second scenario investigates the possibility of pre-heating the air used as gasification agent. Air pre-heating produces a higher temperature combustion zone, with higher chance to perform a better thermal cracking of the tarry compounds yielded by the pyrolysis zone. Results show that the solar unit is capable of air preheating up to 149 °C, nevertheless the efficiency increase that derives from this solution is little when compared with the use of heat for wood chips drying.
INTRODUCTION
Renewable sources utilization is mandatory for a sustainable growth of the planet comprehending an efficient CO2 content reduction in the atmosphere [1] . However, the energy produced by solar and wind technologies is affected by a great variability, thus creating issues on the electrical grid [2] . A stable, renewable and programmable energy production is required to meet end-user load profiles [2] , technologies such as biomass power plants are suitable for it [3] .
Among them, gasification is an efficient technology able to convert a solid fuel into a gaseous one [4] [5] . Wood residues and agro-forestry by-products can be efficiently used as fuel for gasification (i.e. vine prunings [6] , poplar wood chips [7] [8] , corn cobs [9] , corn stover [10] [11] , wood residues from river maintenance [12] , solid residues from vegetable oil production [13] , solid residues from cotton crops [14] , municipal green waste [15] etc.). Produced gas obtained can be used as fuel in internal combustion engines, turbines, heat generators, high temperature fuel cells etc. [5, [16] [17] .
Most of commercial gasification systems rely on autothermal processes, where the heat required to sustain three over four of the gasification phases (drying, pyrolysis, char reduction) is provided by the combustion phase [5] . For this reason, any solution addressed to the heat recovery, reactor insulation or external heat supply, can positively increase the gasification efficiency through a reduction of the energy required by the combustion zone [18] .
Literature reports few studies regarding energy optimization in gasification. For example, Wu and Chein calculated an increase of the gasifier cold gas efficiency from 74 % to 81 % using pre-heated air at 500 °C as gasifying agent [19] , preheated air can be generated using engine exhaust heat [20] . Wu and Chein studied also the influence of biomass moisture on gasifier performance, they calculated a decreases of cold gas efficiency from 84 % to 69 % passing from dry biomass to biomass with 40 % of moisture [19] .
The insulation behavior on a lab scale up-draft gasifier was evaluated by James et al. [21] . An experimental study regarding air pre-heating to 350 °C in an Imbert type downdraft gasifier reports an increase of the cold gas efficiency of the gasifier from 51.5 % to 59.6 % [22] . In [23] an air jacket is used in internal air heating process increasing the efficiency of the gasifier and the heating value of the producer gas. Raman et al. used a heat exchanger to pre-heat the gasification air cooling down the outlet producer gas [24] . This paper simulates the integration between two renewable technologies: solar thermal power and small scale wood biomass gasification. Several studies report this integration where the solar energy is used to drive the gasification giving the external energy required to sustain the reaction [25] . In this paper solar energy is used for two purposes: gasification air pre-heating and biomass drying. The solar driven drying system is design in order to reduce the biomass moisture from 30 % to 15 % wet basis. The same solar system was used to simulate air-preheating to 149 °C. Producer gas heating value, gasifier efficiency and electrical power production were calculated in both cases considering steady state conditions. A comparison between these scenarios and the conventional one without solar integration was reported.
MATERIALS AND METHODS

Gasifier model
To simulate the efficiency of an Imbert downdraft gasifier, a software developed by the Denmark Technical University (DTU) in 2000 was used [26] . This simple software has a simple user-friendly interface which, starting from multiple INPUTS, is capable of simulating the operation of a downdraft gasifier, giving accurate results as outputs. Model inputs are:
(1) Mass flows of solid biomass fuel; (2) Fuel characteristics such as moisture content (M.C.) and chemical composition;
(3) Air, dry wood and (possibly) steam temperature; Gasification maximum temperature, which is one of the main features that determines the Syngas composition, is set to 750 [4] .
(1) Calculated results are: (2) Lower heating value of the producer gas (LHV); (3) Cold gas efficiency (GCE) [4] ; The overall efficiency, may be influenced by slightly modifying the input values. As a matter of fact, by reducing the moisture content of the woodchips, an increase of the quality of the syngas immediately follows [4] . Designing a rotary dryer for the biomass, coupled to a solar thermal panel is the main aim of this study.
The gasifier simulated in this work is a 20 kWel gasifierengine pilot plant. The model chosen is the PP20 Power Pallet (Figure 1 ), manufactured by the company ALL Power Labs [27] . The system is composed of a fuel hopper of about 0.33 m 3 of volume, an auger biomass moving system from the hopper to the reactor, a single throat downdraft fixed bed gasifier provided with a filtration stage and an IC engine linked to a gen-head for electrical power production. Table 1 resumes the main features of the Power Pallet (depicted in Figure 1 ) [27] . The biomass fuel used in the simulation is fir wood chips; the HHV is evaluated by the formula suggested by Channiwala [28] In Table 3 the pre-fixed features of the Gasifier are listed. Moisture Content is 30 % only on the scenario without pretreatment of the biomass fuel. For a mass balance of the air flow necessary to gasify the incoming biomass, an Equivalent Ratio value of 0.25 is used [18] . This means that, in order to obtain syngas from 1 kg of biomass, around 1.625 kg of gasifying air is needed. Figure 2 illustrates a screenshot taken from the software, the little squares are the space for inputting the variables. 
Dryer and heat exchanger model
In order to improve the overall efficiency of the gasifier, a complementary system consisting of the following component was modeled:
Solar thermal heating modules "MCT" by Chromasun [30] Rotary dryer vehiculating biomass directly into the hopper Cross-flow Heat exchanger The plant layout is depicted in Figure 3 .
Figure 3. Complementary system layout
The mean fluid circulating in the 'solar' circuit is a diathermic oil "THERMINOL 66" having a specific heat of 1.86 kJ/(kg C) [31] . A blower pumps air inside the cross-flow heat exchanger, this air will be conveyed to the dryer in a counter-flow configuration with the wood chips.
The main calculations to be solved are the ones for the heat exchanger and the dryer. As Figure 3 depicts, biomass and air are counter flowing, the mass flow of the total weight of the biomass (product) IN and OUT is calculated through the following equations:
The Absolute Humidity (AH) content for the biomass is evaluated in Equations 4 and 5:
where ̇ is the mass flow of the dry weight of the biomass and ̇2 is the mass flow of the water content inside the biomass. On the other hand, mass flows for the air:
̇=̇+̇,
Absolute Humidity for the vapor-air mixture as known (̇ dry air net flow, ̇ steam flow):
=̇,̇
The mass balance for the H2O consists in a mass flow equation balancing the Moisture content leaving the biomass and entering the air flow:
In other words ̇ is the mass flow strictly necessary to bring a ̇ flow between the wanted values of Absolute Humidity of the biomass. It is important to point out that the of the air flowing out of the dryer must be lower than it's saturation value ( ) at the outgoing air temperature. The temperature trends inside the dryer can be evaluated by exploiting the similarity with a counter-current heat exchanger [32] :
Keeping the biomass at a constant temperature throughout the process will assure that the heat is being used only for the evaporation of the moisture content, and not to overheat (and most likely torrefying) the wood chips. Furthermore, it is recommended not to completely dry up the biomass for the same reason. The amount of heat necessary for the M.C. to evaporate, with R indicating the latent heat of evaporation is calculated with Equation 13:
The energy balance equation for the dryer involves enthalpy variations for the following: air flow (steam+dry air), M.C. flow and dry biomass flow. Equation 14 contains these 3 power loads and it equals exactly the amount of heat power that the dryer needs from the outside. Figure 4 is rated under the SRCC Standard 600 "Test Methods and Minimum Standards for Concentrating Collectors" [33] .
Chromasun MCT is subsequently certified under OG-100 which is the principal rating for all solar collectors in the United States, it has achieved the highest temperature rating ever tested at a constant of 179 C. With 20 reflecting Fresnel lenses inside a dimensionally limited panel (3.3 m x 1.2 m x 0.21 m), this module is extremely easy to carry and install within a Micro-solar generation plant.
The nominal technical characteristics of a single MCT panel are listed in Table 4 . The output temperature that was used in the calculations is , =150 C, in order to have a conservative result, taking in account that the panel is exposed to a variable radiation during operation hours. The cross-flow heat exchanger can be designed if the power transferred between air and oil is known [32] :
where , [kJ/kg C] is the specific heat capacity of the air, 
RESULTS AND DISCUSSION
The efficiency increase of the Gasifier depends on the specific data input; as a matter of fact, 2 different scenarios were analyzed:
(1) Case A -Biomass drying from 30 % M.C. to 15 % M.C.
(2) Case B -No drying, gasifing air pre-heated to 149 C In Case B, the dryer is not contemplated. The system is therefore much simpler. Furthermore, another distinction between the 2 is the different "use" of the hot air mass flow. In case A, the dryer fixes the ̇ that is needed to dry the biomass, in case B, on the other hand, the gasification air is heated up directly and it's mass flow depends on a mass balance of the gasifier [4] . The power load necessary to heat the ̇ [kg/s] flowing in the dryer to a temperature of , =110 C, which is calculated with Equation 15 to be necessary to dry a biomass flow ̇= 0.00667 kg/s, is 3.95 kW .The net surface in the Heat Exchanger needed to carry out the transfer from the solar fluid to the drying air is calculated using Equation 19 . Table 5 shows the results. It is important to point out that absolute humidity of the drying air exiting the dryer is lower than the saturation value at 40 C, this prevents the steam in the humid air to condensate back again in the biomass in the last section of the rotating drum. The results in terms of power load needed, and the capacity of 2 kW for each MCT panel, make it necessary to install 2 units for a correct operation of the system. The increase of the producer gas LHV and gasifier CGE, compared to a not pre-treated biomass, is reported in table 6. For Case B, the air mass flow heated to 149 C (this is the maximum temperature because the operating value for the Solar fluid as communicated by manufacturer is 150 C) is regulated by mass balance of the stoichiometric gasification air (1 kg of biomass fuel is gasified by 1.625 kg of air) [4] , This value is reported in Table 7 together with the power load needed by the heat exchanger (no dryer used in case B). Case B lays a much simpler scenario; only 1 MCT unit is needed to generate the heat necessary to raise the air temperature to the desired (and maximum) value. The heat exchanging surface is not considerably lower, so the heat exchanger used is the same as in case A. On the other hand, efficiency of the syngas is dramatically lower compared to case A. Table 8 shows the comparison of the results. The producer gas, after being filtrated, flows into the IC engine of the PP20 unit. The overall productivity increase in terms of electrical power output as shown in Table 9 . In the calculations, engine efficiency is set to 0.25 and generator efficiency is set to 0.85 as suggested by the manufacturer [27] . 
CONCLUSIONS
Power output increase of the Power Pallet is mainly linked to a decrease of the humidity content of the biofuel. The heat necessary to pre-treat the incoming humid biomass, is balanced, in the gasifying process, with a sensible increase in efficiency of the reactor.
This result opens a wide scenario of possible layouts of a Micro power generation from biomass, with a low increase of installation complexity (and cost). On the other hand, the choice not to dry the biomass, simplifies the layout even more, but has poor results in terms of efficiency increase. Furthermore, the heat exchange surface needed to heat the gasifying air is not distant enough from the first case to justify a sensible reduction in the dimensions of the Heat Exchanger. A micro solar like the MCT, limits the operating temperature of it's mean fluid, and, consequently, the maximum temperature that can be reached by the gasifying air.
